In this three part study, nonequilibrium molecular dynamics simulation of the rheology of confined films is used to explore the microscopic properties and response of model lubricants under shear. The rheological behavior of two alkanes that differ in molecular structural complexity is examined: tetracosane (C 24 H 50 ), which is a linear alkane, and squalane (C 30 H 62 ), which has six symmetrically placed methyl branches along a 24 carbon backbone. The model lubricants are confined between model walls that have short chains tethered to them, thus screening the wall details. Shear flow is generated by moving the walls at constant velocity, and various properties are calculated after attainment of steady state. Heat generated by viscous dissipation is removed by thermostatting the first two atoms of the tethered molecules at 300 K, which allows a temperature profile to develop across the width of the lubricant layer. This paper details the molecular model and simulation method, and examines interfacial slip at the interface between the tethered chains and the fluid alkane. The effects of various parameters on the slip behavior are presented. Two subsequent papers respectively address the structural features of these liquid alkanes under shear flow and compare the viscosities from independent calculations of the bulk and confined fluids. © 1997 American Institute of Physics. ͓S0021-9606͑97͒50847-6͔
I. INTRODUCTION
Recent experiments with the surface force apparatus ͑SFA͒ have shown that the static and dynamic properties of liquids under extreme confinement cannot be understood simply by intuitive extrapolation of bulk properties. [1] [2] [3] [4] [5] [6] Liquids tend to organize in strata parallel to the solid boundaries. Close to the boundaries the liquid density is vanishingly low because the molecules are excluded from this region due to repulsion between the wall and the molecules. At a distance of one particle removed, the local density is correspondingly large, while again it reaches a minimum and then a second maximum one further particle away, and so on. This oscillatory density profile typically propagates outward for a distance of three to ten particle dimensions.
In general, bulk behavior persists until film thicknesses of order ten molecular diameters. For the range of strain rates examined with the SFA, the effective viscosities of thin films have been shown to be orders of magnitude larger than the bulk values, 7 and the relaxation times are correspondingly large. However, it should be recognized that the strain rates (10-10 5 s Ϫ1 ) in these experiments are orders of magnitude below the strain rates found in a number of practical applications such as the lubrication of disk drives, of micromachines, and of camshaft lifters in automobile engines (ϳ10 8 s Ϫ1 ). These high strain rates are only accessible computationally, 8 as indicated in Table I , which compares the temperatures and strain rates for SFA experiments, prior bead-spring molecular dynamics ͑MD͒ simulations, and this study to those that exist in actual applications. Note that the MD simulations of chains [9] [10] [11] [12] with the fully flexible beadspring model are performed at temperatures which are apparently very low. It has been suggested 8 that these low temperatures could explain the reasonable success of the beadspring simulations in qualitatively reproducing many aspects of the experiments. For the wall spacings being considered, the lack of stiffness in these chain molecules could be a source of unphysical results, since at these wall spacings, linear molecules have a tendency to stretch and assume extended configurations. The bead-spring models can assume fully extended configurations far more easily than detailed alkane models. However, because of the very short persistence lengths ͓ϷO()͔, bead-spring chains can just as easily assume compact configurations when the wall spacing is small. On the other hand, persistence lengths for the alkanes studied are comparable to the wall spacings. The layering of extended alkane molecules has been speculated to be the source of stick-slip motion in these chain systems. 13 This work 14 analyzes the influence of confinement on the nonequilibrium behavior of fluid alkanes of intermediate size range, similar to many lubricants, and compares the rheological properties of the confined film to those of the bulk fluid. Figure 1 shows a schematic of the system being studied. Shear flow is induced in the film by moving the walls. We use short alkane chains (C 4 H 10 ) tethered to the wall, which has a two-fold advantage: ͑i͒ wall details are screened by these chains; these details are difficult to interpret both in experiments as well as in simulations, ͑ii͒ the wall-site interactions can be represented by a model potential function, with the wall having no corrugations; this approach is justified by the fact that the tethered molecules are responsible for driving the fluid as the wall is displaced. Furthermore, given the observation by Gee et al. 15 that even small a͒ Author to whom correspondence should be addressed.
amounts of water adsorbed on the surfaces leads to the stickslip behavior disappearing, it is reasonable to speculate that the presence of tethered molecules could possibly lead to a large drop in the friction. Results from such simulations could be used to make a more meaningful comparison with similar experiments. It must be pointed out that only simulations can access the range of length scales and strain rates found in many critical lubrication applications. Surface force apparatus experiments are motivated by the need to understand lubrication, but they are at strain rates orders of magnitude below the peak strain rates found in some applications. Prior beadspring simulations aim to make contact with SFA experiments, but they appear to be at much lower absolute temperatures than found in actual applications. Despite the reasonable success of the bead-spring simulations in qualitatively reproducing some of the features observed experimentally, there are several reasons to suspect that their agreement with SFA experiments may be fortuitous: ͑i͒ as already noted they are at far different temperatures, ͑ii͒ the molecules are modeled as being fully flexible, and ͑iii͒ it is difficult to interpret the interactions of the molecules with the wall. Moreover, most previous studies impose a constant temperature across the entire fluid film using a variety of thermostatting mechanisms. This has the potential for yielding unphysical results because the viscous heat generated in the fluid is artificially and instantaneously removed. To remove heat from our system, we thermostat only the first two atoms of the tethered chains, since this represents a more realistic setup which allows a temperature profile to develop between the two walls.
We have chosen to study tetracosane (C 24 H 50 ) and squalane (C 30 H 62 ). These substances typify the molecules that are used in commercial motor oils. They have the same backbone length, but squalane has six symmetrically placed methyl branches along the backbone. A realistic potential model is used to represent the molecules. This model has been used previously 16, 17 to successfully predict the liquidvapor coexistence curves for alkanes, and has also been shown to give viscosities in good agreement with experimentally measured values 18 . Our bulk simulations are performed at constant N ͑number of molecules͒, V ͑volume͒, and T ͑temperature͒. For the confined simulations, we maintain N and V constant, together with T for the first two atoms of the tethered molecules. Couette flow is induced by moving the top and bottom plates in opposite directions at constant velocity. As the plate velocities increase, the strain rate, temperature and pressure for the confined fluid also increase. The simulations are performed at different wall spacings and densities. We examine the effects of these variables on the viscosity, the density profile, the temperature profile, slip, and molecular conformation and orientation. All calculations have been performed on the Intel Paragon supercomputers using a ''replicated data'' parallelization strategy.
In Section II, we detail the molecular model, Section III explains the simulation approach, while Section IV presents results that analyze interfacial slip and how it is affected by various parameters. Two subsequent papers respectively describe the structural features of the confined fluids 19 and compare the calculated viscosities to those of the corresponding bulk fluids.
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II. MOLECULAR MODEL
The model used for the alkanes is the united atom model previously used by Siepmann et al. 16, 17 and also by Mondello and Grest. 21 In this model the methyl and methylene groups are treated as spherical interaction sites with the interaction centers located at the centers of the carbon atoms. The interaction between atoms on different molecules and between atoms separated by more than three bonds in the same molecule is described by a Lennard-Jones ͑LJ͒ potential,
͑1͒
where ⑀ i j is the well depth and i j is the zero point of the potential between a site of type i and a site of type j. The LJ size parameters are CH 3 ϭ3.93 Å, CH 2 ϭ3.93 Å and CH ϭ3.81 Å. The corresponding well depth parameters ⑀/k B are 114 K, 47 K and 40 K, respectively, where k B is the Boltzmann constant. The Lorenz-Berthelot ͑LB͒ combining rules
, i j ϭ( i ϩ j )/2͔ are used for the unlike interactions. A cutoff distance of 9.825 Å (2.5 CH 2 ) for the LJ interaction is used in this study. The intramolecular interactions include a bond-stretching term, a bond-bending term and a torsional term characterizing the preferred orientations and rotational barriers around all non-terminal bonds. The bond stretching is described by a harmonic potential, 22 with an equilibrium bond length of r eq ϭ1.54 Å and a force constant k s /k B ϭ452 900 K/Å 2 . The bond angle bending is also described by a harmonic potential while the torsional potential is that by Jorgensen et al. 23 The bending potential is 
where b is the equilibrium angle between successive bonds, and the torsional potential is
To prevent umbrella inversion of the sp 3 bond configuration at tertiary carbon branch points, we use a harmonic potential similar to the bending term, introduced by Mondello and Grest. 21 Table II lists the intramolecular interaction parameters used in this study.
For the alkane-wall interactions, we use the potential proposed by Padilla and Toxvaerd, 24 modified to give a wall with no structure,
where y is the normal distance from the wall of a given site. The parameters that characterize U W (y) are collected in Table III . All atoms in the system interact with the wall, i.e., we have no cutoff for the alkane-wall interactions.
We choose to use a wall without structure because the tethered alkane chains are responsible for driving the fluid and this obviates the need for including the wall structure. The first atom of each tethered alkane chain is attached at a distance w 1 ϭ0.673 CH 2 from the wall by a harmonic potential with the same force constant as for the bond stretching term. We use a spacing of 2a 1 for the tethering sites on a square grid parallel to the walls. The tethered chains effectively screen details of the wall, as confirmed by the fact that we found the same velocity profiles for a wall with and without structure. The site density profiles also indicate little penetration of the alkanes in the region occupied by the tethered chains.
III. SIMULATION METHOD
We perform two types of simulations: ͑i͒ nonequilibrium molecular dynamics ͑NEMD͒ simulations in a confined geometry where the walls have short alkane chains tethered to them and ͑ii͒ NEMD simulations for the bulk fluid. The bulk fluid simulations are performed at the same conditions as those that exist in the confined geometry, i.e., at the same temperature and strain rate. The density used for the bulk simulations is the fluid density calculated at the center of a geometry where the walls are widely spaced. The value so obtained agrees quite well with the average density in the central region of a narrower confinement. A limited number of simulations have also been performed where the calculated fluid pressures for the bulk are the same as those for the confined fluid, i.e., P ͑bulk͒ ϭ P yy ͑confined͒.
A. Equations of motion
For both the confined and bulk simulations, we use rRESPA multiple time step dynamics. 25, 26 For the bulk NEMD simulations, the motion of the particles can be described by the SLLOD algorithm. 27 The SLLOD equations of motion ͑incorporating a Nosé thermostat͒ for a system under planar Couette flow are given by
where r ia and p ia are the vector coordinates and peculiar momentum of atom a in molecule i, y ia and p y,ia are its y components, F ia , the force and m ia , the mass. The parameter ␥ is the strain rate of the imposed shear field, x is a unit vector in the x direction, , p , and Q are the variables related to the Nosé thermostat,
is the Nosé thermostat time constant, and N is the total number of atoms in the system.
For the confined simulations, the above equations apply without the ␥ terms. The motion of the top and bottom walls, which respectively move at velocities (v wall ,0,0) and (Ϫv wall ,0,0), is simulated by moving the points of attachment of the tethered chains. Since heat is removed from the confined system by thermostatting only the first two atoms of the tethered chains, the thermostatting terms are also excluded from the above equations except for the two atoms of each tethered chain that are closest to the wall. This allows a temperature profile to develop across the fluid. Note that since the thermal component of the velocity in the direction of flow, the x direction, is not known a priori, it is not possible to couple a thermostat which only governs the value of this thermal component. This problem is avoided by adding thermostatting terms only to the equations of motion of the y and z components.
In our implementation of the multiple time step NEMD method, we use two time steps: a time step of 2.35 fs is used for the slow mode motion and a time step of 0.47 fs is used for the fast motion. All the bulk simulations involve 100 molecules. For most confined simulations, the system consists of 64 molecules of the fluid and 200 C 4 molecules tethered to the walls. To test for system size effects, a few simulations are also performed with twice the number of molecules, i.e., the box length in the shear direction x is doubled. The simulations are started by placing the centers of mass of the molecules at lattice points and all molecules in the trans conformation. The chains are initially aligned in the x direction. The atoms are grown to their full size from nearly zero diameter in an EMD simulation of length 47 ps during which velocity scaling is used to efficiently remove the heat produced by the process. During the particle growth process, the bond stretching, bond bending, and torsional potentials are implemented so the equilibrium intramolecular structure also develops. The system is further equilibrated for at least another 500 ps at a temperature of 500 K before starting the NEMD simulation ͑for the bulk simulations, steady-state configurations generated from previously performed simulations are used as the starting configurations͒. The strain rate dependent properties of the systems are calculated based on the simulation runs after the systems have reached steady state under the influence of shear flow. The configuration from a neighboring higher strain rate simulation is used as the starting configuration for the next smaller strain rate as this allows the system to reach steady state faster. We use relatively large times for the systems to attain steady state at various strain rates, ranging from 150 ps at the highest strain rates to 2 ns at the lowest strain rates. Various system properties are calculated over runs that range in length from 1 ns to 19 ns.
B. Pressure tensor calculation
For the simulations of the bulk fluid, the pressure tensor P can be calculated using either the atomic, P (a) , or the molecular, P (m) , formalisms, 28 which are given by
͑6͒ ͑7͒
where is the total intramolecular force on site a in molecule i; m ia , r ia , and v ia are the mass, position, and velocity, respectively, of site a in molecule i, F i j is the total force on molecule i and due to molecule j, and m i , r i , and v i are the mass, position, and velocity, respectively, of molecule i. Note that since the total intramolecular force sums to zero for a given molecule, the last term in Eq. 6 does not depend on the choice of origin in the determination of ␦r ia , so this can be conveniently chosen to be the center of mass of the molecule. We have calculated P for the bulk fluid using the atomic formalism. It should be noted that the atomic pressure tensor is rigorously symmetric for central force potentials, whereas the molecular pressure tensor can contain an antisymmetric component that is a useful gauge of the extent to which the thermostat suppresses molecular rotation. 29 For the confined simulations, we calculate the components of the pressure tensor, P yx and P yy using the method of planes 30 based on the chain center of mass. To calculate the shear stress ͗P yx ͘ at any given plane parallel to the walls, we sum the x components of the momenta transported by the chains crossing the plane, and the average force in the x direction between chains across the plane, per unit of area, i.e., the shear stress has a kinetic term and a potential term.
In each case, we choose several equally spaced planes with dimensions equal to the wall dimensions. At each time step, the kinetic contribution to ͗P yx ͘ in any given plane will be the sum of the x components of the momenta that have crossed the plane, divided by the time step. For the potential contribution, we consider the interaction of two chains ͑or of a chain and a wall͒ that are positioned on opposite sides of the plane. In other words, the potential contribution to ͗P yx ͘ at a given time step is the sum of all the x components of the forces due to the chain-chain or wall-chain interactions when the interacting identities are positioned across the plane in question. The normal stress ͗P yy ͘ is also calculated in a similar manner.
C. Replicated data algorithm
For rapid parallelization, we have used a replicated data strategy ͑Fig. 2͒. This method is essentially what Plimpton 31 termed an ''atomic decomposition'' method, and was chosen for its simplicity and effectiveness in parallelizing an existing serial code. Since the action of the serial code has already been proven, the ability to rapidly parallelize an existing, scientifically complex code aids productivity enormously. Figure 3 shows the action of the parallel code. The general strategy relies upon the fact that the most compute-intensive portion of the code is the calculation of the system of forces at work. There are basically two classes of force interactions considered, i.e., intermolecular and intramolecular.
For the intermolecular portion of the force calculation, we require data characterizing the state of the entire system to be present upon every node; hence the term ''replicated data'' refers to the replication of all of the particle positions. The force is evaluated within a double loop that compares uniquely every particle with every other particle. The use of a neighbor list optimizes the calculation time by considering only those particles that are within a certain cutoff distance from a given particle. The computational work is divided up among nodes by assigning a range of outer loop iterations to each node. These can be worked upon in parallel, and the simplicity of the division permits some straightforward load balancing to take place.
At least some form of load balancing is required because of the fact that the quantity of computational work in the double loop structure is not uniformly distributed. In fact, because of the neighbor list being used as an optimization strategy, the earlier iterations will carry much more work than later iterations. To counter this imbalance, we have simply divided the work for a set of N nodes, as if we had 2N available nodes. We then assign iterations from opposite ends of the outer loop, in effect, giving each node a large and a small portion to work on. This method has the advantage that we can decompose the work according to the number of particles divided by 2, in the case of maximum parallelism. Further parallelism can be realized if we pursue inner loop distribution as well, but this is currently not advantageous. In addition to the effectiveness of this technique, it is very straightforward to implement. Although currently a static load balancing technique is used, a dynamic action could be easily added for little extra cost, if it were required.
For the intramolecular portion of the force calculation, there is a different action at work. Due to the multi-time step approach adopted in this simulation, the intramolecular arrangement changes prior to the calculation of the intermolecular forces. These calculations require only local information regarding the particle positions of a single molecule, but that also fixes the maximum decomposition to the molecular level. A finer level of molecular decomposition might be possible for larger molecules, but would probably require repeating calculations to avoid additional communication between nodes.
Hence, in the strategy we have implemented, two communications are required to ensure a correct simulation action. One is after the integration step following the intramolecular force evaluation, and the other follows the intermolecular force evaluation. The first communication collects and distributes all of the particle positions onto all of the processors. The intermolecular forces are then evaluated and these atomic forces are then summed globally, so that all nodes have sufficient information to update the system via integration, and commence the next round of intramolecular calculations.
IV. RESULTS AND DISCUSSION
Note that we use a model that has been shown to give viscosities in good agreement with experimentally measured values. 18 The simulations are performed at different wall spacings and densities, and we examine the effects of these variables on the viscosity, the density profile, the temperature profile, slip, and molecular conformation and orientation. Various properties are calculated as volume averages by dividing the region between the walls into slabs of equal width. All magnitudes are presented in reduced units ͑length is reduced with CH 2 ϭ3.93 Å, energy with ⑀ CH 2 /kϭ47 K and the mass with m CH 2 ϭ14 amu͒ unless otherwise stated. In the following discussion, temperature of the wall (T wall ) is taken to mean the temperature at which the first two atoms of the tethered chains are thermostatted, which is 300 K unless otherwise stated. The temperature of the fluid is referred to as T f luid . Concerning the motion of the tethered chains, Figure 4 shows the x, y, and z displacements of the free chain end of a typical molecule, with respect to the attachment site of the molecule. Note that the end moves freely in all directions ͑for a fully extended C 4 chain, the value along the ordinate in Figure 4 is Ϯ0.98).
A. Accuracy of the simulations
As mentioned earlier, we use the method of planes to calculate the shear stress ͗P yx ͘. Figure 5 shows the calculated shear stress as a function of y for a simulation of squalane where wϭ9.25 and v wall ϭ0.5. The density in the center of the confinement is center Ϸ0.82 g/cm 3 . In terms of the overall number density, N/Vϭ2.15, where V is defined as the dimensionless volume obtained by subtracting a volume 2l 2 w 1 (l is the box-length along the wall͒ from the total volume between the walls, and N is the total number of atoms in the simulation. The simulations at this wall spacing use 64 molecules of squalane, while the number of C 4 chains attached to the walls is 200.
Note that ͗P yx ͘ is uniform across the fluid in the confinement. We have also calculated ͗P yx ͘ from the interactions between the fluid and the tethered chains, i.e., the average friction force between the fluid and the tethered chains per unit of surface area. In other words, we average the x component of the force between the fluid and the tethered chains and divide by the surface area of the simulation box in the xz plane. This value, ͗P yx ͘ϭ3.83Ϯ0.03, is denoted by the straight line passing through the data points in Figure 5 .
We have also calculated ͗P yx ͘ from the average heat dissipated by the thermostat per unit time; 24 age heat dissipated by the thermostat per unit of time, is a good test of the validity of the simulation algorithm.
B. Interfacial slip
How do the velocity profiles for these confined fluids compare with continuum mechanics predictions? For Couette flow with no-slip boundary conditions, continuum mechanics predicts a linear velocity profile between the walls. Figure 6 shows the calculated velocity profile for squalane at wϭ9. 25 and v wall ϭ0.5, which is qualitatively typical of most of our simulation results. Note that the x direction is chosen as the flow direction and the y direction as the flow gradient direction. Except for a small region near the tethered chains, the velocity profile for the core fluid is linear. However, there is a large slip observed, and as a result the actual strain rate is much smaller than the apparent strain rate. We calculate the actual strain rate, ␥ϭ‫ץ‬v x (y)/‫ץ‬y, by fitting the velocity profile in the core to a straight line. This actual strain rate is given by the slope of the solid line in Figure 6 , while the slope of the dashed line gives the apparent strain rate ͑the vertical dashed lines denote the points of closest approach of the tethered chains to the center of the confinement͒. We quantify the observed slip by the ratio of the actual to the apparent strain rate, i.e., slip Sϭ1 Ϫ ␥ actual /␥ apparent . No-slip and complete-slip conditions correspond to Sϭ0 and Sϭ1, respectively. Note that the site-site interactions between tethered chain sites and fluid sites are the same as those between fluid sites and other fluid sites. Therefore the slip behavior observed is only a consequence of the connectivity of the fluid chains. This fact is attested to by the little or no slip observed in test simulations where the fluid consists of C 4 chains ͑Figure 7͒ at a density similar to those used for the longer chains. Khare et al. 32 reach a similar conclusion by comparing the velocity profiles of simple fluids and chain fluids described by the bead-spring model.
The velocity profiles for tetracosane are similar to those for squalane except in the cases where we have very well defined layers and the molecules are in a fully extended state. As compared to squalane, tetracosane is able to assume interesting configurations at certain wall spacings. Figure 8 shows a snapshot from a simulation of tetracosane (w ϭ9.25) at a relatively low velocity and temperature. When the velocity is reduced and the spacing between the walls is close to an integral multiple of the molecular diameter, then the fluid adopts a well-defined layered structure with virtually all the molecules in a fully extended ͑FE͒ state. It should be noted this FE layering exists in spite of absolute wall velocities that range between 1 and 10 m/s. In these fully extended situations there is no clear-cut velocity profile that can be measured indicating a very high degree of slip. A typical velocity profile for fully extended tetracosane is depicted in Figure 9 , which suggests that when the molecules assume such a configuration, then at low velocities it becomes difficult for the molecules in one layer to slip past those in a neighboring layer ͑visualization of the simulation at the state point of Figure 9 shows the fluid moving as a plug͒.
It is evident that even though the same LJ energy parameters are used for the sites of the tethered chains as those of the free fluid, a high degree of slip occurs at the interface, which is only a consequence of the connectivity of the chains. Once the wall is able to impart some momentum to the first layer of chains, this momentum is transferred to the other chains with relative ease, which gives rise to the linear profile and a constant strain rate across the fluid. Figure 10 compares the velocity profiles for squalane and tetracosane at the same wall velocity (v wall ϭ0.5) and wall spacing (w ϭ9.75, this wall spacing does not lead to the formation of FE layers at low v wall ), and under conditions of identical pressures with center Ϸ0.75 g/cm 3 . The actual strain rate is larger for tetracosane, or in other words the slip parameter S is higher for squalane. This higher strain rate for tetracosane correlates with the higher degree of alignment of the linear alkane ͑see the second paper of this study 19 ͒. Figure 11 compares the slip parameter S for the two fluids; for each pair of data points, the calculated pressures are approximately the same. The calculated slip decreases as v wall increases; however, it should be noted that P yy also increases with the velocity. We have also found the slip to decrease as the wall spacing is increased as shown in Figure 12 for squalane.
Intuitively it would seem that for squalane, the presence of side branches along the backbone would make it easier for the tethered molecules to impart momentum to the fluid, and thus lead to lower slip than for tetracosane. There are two possible explanations for the observed higher slip for squalane: ͑i͒ The side branches among different squalane molecules interlock, and thus the molecules find it difficult to slip past one another. The interaction of these side branches then also leads to a higher viscous dissipation. 20 ͑ii͒ Both squalane and tetracosane have very few bonds crossing the slip plane. Thus the two molecules should have the same low resistance to shear at the slip plane. However, because tetracosane is in an extended state as compared to squalane, 19 the latter has more bonds crossing every other plane between the slip planes. As a result the molecules offer a higher resistance to shear in the core, which correlates with the higher temperatures. 20 For all the simulations referred to, the velocity profiles observed in the core of the confinement are linear, indicating that there is no slip occurring between the layers of fluid molecules; all the slip is localized at the interface. In other words, there is an effective transfer of momentum between the fluid molecules and poor momentum transfer at the interface. One approach to reducing slip at the interface would be to increase the interaction strength of the end-groups of the tethered chains. Figure 13 depicts the slip parameter S for a system where the interaction strength of the end group is doubled, i.e., we used a value of ⑀ end group ϭ2⑀ CH 3 . The calculated values of P yy remain more or less unchanged. Compared to the original case where ⑀ end group ϭ⑀ CH 3 , we find that the degree of slip is lower and that the fractional difference is larger for lower wall velocities. In their study of hexadecane, Stevens et al. 8 also conclude that increasing the coupling strength between the fluid and the wall forces a higher proportion of shear to occur in the bulk, and the slip decreases.
A more effective approach to eliminating slip at the interface would be to eliminate a well-defined interface. Ideally, such an approach should not introduce slip among the fluid molecules, because as the linear velocity profiles in the core indicate, fluid-fluid momentum transfer is quite effective. We have performed simulations with a reduced density of the tethered chains on the wall, which allows the fluid to penetrate into the regions between the tethered chains. We use a surface coverage which is one fourth the original, or in other words, the spacing between adjacent tethering sites in either direction parallel to the walls is twice the original ͑i.e., spacingϭ4a 1 ). A combination of the lower number of tethered chains, and the lack of explicit wall atoms necessitates using a thermostat for all the atoms of the tethered chains to provide a more efficient avenue of heat removal from the system. The site density profile of the fluid is shown in Figure 14 ͑the pairs of dashed vertical lines mark the regions occupied by the tethered chains͒, and it clearly indicates that the fluid molecules penetrate well into this region. Except in and near this region, the temperature of the fluid is uniform across the width. The velocity profile ͑Figure 15͒ indicates little or no slip, as is the case for simulations at much lower fluid densities.
To compare with the simulations at the higher surface coverage, we have also performed low surface coverage simulations in which the first three atoms of the tethered chains are thermostatted at 210 K. The conditions of the simulation are adjusted in order that the calculated values of P yy and of T f luid are similar to those obtained for the higher surface coverage of chains. The low wall temperature ͑210 K͒ is necessary to obtain similar temperatures for the core fluid ͑movies of the simulation indicate no reduction in mobility of the tethered chains͒. Just as in Figure 15 , at all wall velocities examined, we have zero slip when the fluid is able to penetrate into the region of the tethered chains. Consequently because of the larger strain rates, for the same wall velocities, the calculated shear viscosity of the fluid may be expected to be lower than for the higher surface coverage case.
V. SUMMARY
To summarize, our simulations reveal that the connectivity of chains for these medium-sized alkanes leads to significant slip at the interface. The degree of slip can be controlled by changing the interaction strength of the end groups of the tethered molecules. Increasing the interaction strength decreases the observed interfacial slip. It is also possible to eliminate or drastically reduce the degree of slip by decreasing the surface coverage of tethered chains, so as to allow the confined fluid molecules to approach close to the wall. The penetration of the alkanes between the tethered chains effectively eliminates slip as is shown in Figure 15 . By extension, it is then possible that in practical applications, an atomically rough surface could give rise to conditions of no slip. The same could be true for real surfaces with adsorbed substances.
Slip is also found to depend on the molecular architecture of the confined fluid. For conditions of the same normal pressure, tetracosane shows a lower degree of slip than squalane. This behavior might seem counter-intuitive in that it might seem that the side branches would interact with the tethered chains in such a way as to provide an effective means of transmitting momentum. The physical picture that appears to arise from the observed results is that the branches interlock with the branches of other molecules, and thus resist inter-chain slip. The interlocking among the molecules as a whole gives rise to a ''coherent'' mass across which it is difficult for the walls to impart a velocity gradient. Also the side branches in squalane cause the molecules not to assume extended configurations as readily as tetracosane. This leads to a greater number of bonds crossing a given plane parallel to the walls in the case of squalane, and the molecules cannot easily slip past each other.
The second paper of this study 19 addresses the structural features of these liquid alkanes under shear flow. We take a closer look at the discretization of the linear alkane molecules into layers of fully extended chains, an observation which has not been reported before. The third paper compares the viscosities from independent calculations of the bulk and confined fluids, 20 and summarizes the implications of our results. 
